ABSTRACT This paper presents a methodology for evaluating the techo-economic feasibility of mixed AC and DC distribution network to replace the existing AC distribution network with large-scale integration of photovoltaic energy sources. Economic dispatch of mixed AC/DC system is formulated in the presence of power electronic transformer (PET) for the flexible control of AC and DC power flows while maintaining the reliability constraints in terms of bus voltage, branch current carrying capacity, and the efficient operation of power electronic converters. Furthermore, the configuration of the PET and power losses of converters with a changing operation efficiency is incorporated into the optimal dispatch problem to assess the energy savings provided by the AC/DC power network. Two objectives for minimizing the operating cost and total power losses are also considered in the formulated economic dispatch. To obtain the Pareto-optimal solutions of this reliability constrained multi-objective optimization problem, the non-dominated sorting genetic algorithm-II (NSGA-II) associated with the interior-point method are applied in the proposed two-stage optimal algorithm to solve the optimization for PET configuration and operation. The method has been tested on the IEEE 33-bus radial distribution system with excessive PV installation and updated PETs. In comparison with the optimal dispatch of existing AC power distribution system, the joint optimization of PET AC/DC ports and PV inverters improves the flexibility of power flow control for both AC and DC networks and thus minimizing the PV curtailment and total operating cost.
studies on comparison of AC and DC distribution [7] . However, the energy loss of power electronics in the process of multi-voltage AC/DC power conversion should be included in the operational cost, which influences the costeffectiveness of the mixed AC/DC distribution network. Based on the review of the literature on PET design and operational analysis, building PET based power distribution network may have higher capital costs and risk of equipment fault than AC system, but the energy savings from both AC and DC networks could outweigh those costs especially for certain cases with high penetration of PV and LV DC load. One such case is the application of PET in the distribution network with large renewable energy installation, due to the high fraction of energy consumption supplied by low-cost renewable energy and the high coincidence of renewable power and load of certain type of consumers [8] , [9] . As discussed in [10] , PET improves the flexibility of power transfer between AC and DC systems, therefore mixed AC/DC distribution network with DC end uses and PV may be the ideal path for achieving the economic operation of power system and renewable integration.
Multi-port PET is installed to build a mixed AC/DC power distribution network due to its flexible controllability on the power flow at its AC and DC ports. The prototype of PET has been designed and implemented to replace the traditional MV/LV transformer [3] , [4] , [6] . In PET-based AC/DC distribution system, various AC and DC paths can be selected between power generation and loads and the active and reactive power of the transmission lines can be adjusted for optimal power flow (OPF). The adjustable power at AC and DC ports of PET are considered as control variable in the optimal dispatch to ensure the economic and reliable operation of power system. However, due to the high voltage at grid-connected port of PET, tens of power converters are connected in parallel in PET to form a complex structure [11] , [12] . That may lead to a lot more power losses in the low-efficiency operation point of power converters. In the real operation of power converters, the efficiency under heavy loading and light loading conditions changes a lot. Particularly, due to the increasing deployment of PV generation in a regional distribution network, the daily power pattern can change significantly, which can cause high power losses of power converters at low-efficiency operation point. Therefore, while undertaking optimal dispatch and economic evaluation of mixed AC/DC power network, the operational control of power electronics should be considered to limit the energy losses of PET and other converters.
Efforts to ensure economic and reliable operation of mixed AC/DC distribution network with increased PV generation are therefore focused on the optimal dispatch method based on the adjustable power electronic devices including PET and PV inverters. To alleviate the voltage rise at the PV bus, a basic operation is to curtail the active power produced by the PV inverters during peak irradiance hours [13] , [14] . For instance, the amount of active power injected by aggregated PVs at a node is lowered whenever its bus voltage magnitude exceeds a predefined limit. Additionally, by appropriately adjusting the active and reactive power of power electronics such as PV inverters and PET, voltage regulation (VR) can be achieved to reduce the voltage deviation and line losses [15] , [16] . A systematic optimal dispatch problem is formulated by adding internal power transfer of AC/DC hybrid network to external power trading for the goal of minimizing the operation cost [17] . Although the control of power converters has been applied in the power scheduling of power system, both AC and DC power flows are not globally optimized. The optimal dispatch of AC/DC hybrid power system involves solving an optimal power flow (OPF) problem to determine the active and reactive power at multiple ports of PET, so that the network operation is optimized according to the well-defined criteria (e.g. the operating cost including power losses) while ensuring voltage regulation and adhering to other network and equipment constraints [18] , [19] . However, the changing efficiency of PET under different loading conditions is not taken into account as the maximal efficiency at the rated power of the equipment is usually adopted in the OPF.
Despite the interest and potential need for mixed AC/DC distribution network with PET installation, its costeffectiveness has not been thoroughly analyzed in the literature. This paper extends previous work on PET power control and optimal dispatch of power system to model MV/LV mixed AC/DC distribution network. The economically optimal operation point can be found by regulating the active and reactive power of PV inverter and multi-voltage AC/DC ports of PET while satisfying the constraints of power system reliability and converter operating curves. Multi-objective optimal dispatch problem based on non-dominated sorting genetic algorithm (NSGA-II) is used to minimize the total energy loss and the operating cost with low-price PV generation. The variability in the efficiency of diverse power converters is taken into account in the computation of total energy losses and the optimization of AC and DC power flows in the distribution network.
This work makes the following key contributions: It calculates operating costs based on a detailed power loss model that incorporates operational efficiency curves for power converters of PET and PV generation into the optimization of AC/DC power system. Other studies on the economic dispatch of power system estimated operating cost by considering only power losses of AC distribution network and peak converter efficiencies.
It includes a technical analysis on the topology and control of power electronic converters in PET and PV generation to identify the control variables and the boundaries for the optimization model of the AC/DC power networks.
It follows the model of reliability constrained economic dispatch of power system using PET and PV inverters as the control variables for techo-economic analysis of mixed AC/DC power networks versus conventional power distribution system. It addresses the combined control of AC and DC power flows based on multi-port PET and includes a variable efficiency function for different loading conditions of power converters in the time-series simulation of power system.
The following sections of this paper are organized as follows: The reliability constrained economic dispatch for mixed AC/DC power network is presented in Section II. Section III explains the operational model and control strategies of PET and power converters for PV generation and DC load. Section IV describes the optimization algorithm that improves NSGA-II to reach the optimum of PET configuration and AC/DC power distribution, and the simulation results for different control strategies and Pareto solutions are discussed in Section V. Section VI includes conclusions and recommendations for future works.
II. ECONOMIC DISPATCH MODEL OF PET-BASED AC/DC POWER SYSTEM
As discussed in the previous section, multi-port PET connected to the bus of MV distribution network for form a mixed AC and DC system to supply the AC and DC loads and various renewable power generations that can be directly connected to the DC bus of the network, as shown in Fig. 1 . The typical topology of PET is considered in this research and composed of numerous modules which are connected in series at the high-voltage AC port and in parallel at the low-voltage ports. Converter at multiple ports of PET and PV inverters are controlled to perform optimal dispatch of AC/DC power network.
The economic dispatch of mixed AC/DC power system is formulated as a mixed integer nonlinear programming (MINLP) problem. Two objective functions are taken into account and the first objective for minimizing the operating cost is expressed by:
[ρ e (t)(P Li (t)
where ρ e (t) is the electricity price; P Li (t) and P Vi (t) are the load and PV generation at bus i; P N LS (t) is the power losses of the network; ρ V (t) is the electricity price for PV generation which is much lower than P Vi (t) since the installation cost of PV is not included in the optimal dispatch problem; t is the time interval in the simulation. The load and generation at each bus are composed of a variety of loads and photovoltaic panels connected to AC and DC networks as described in (2) and (3). The power losses of AC/DC conversion of loads and PV generation are denoted as P LSi (t) and P VSi (t). The subscripts HDC, LDC, and LAC represent HV DC, LV DC, and LV AC areas of power network respectively.
The power losses of network can be calculated by:
where U i and U j are the voltage magnitudes at bus i and j; G ij is the conductance of distribution line i and j; δ i (t) and δ j (t) are the angles of the two linked buses i and j. The other objective for minimizing the overall power losses is given by:
where P LS (t) represents the overall power losses (i.e., the power losses of the network plus the losses of power converters), as given by: (6) where P H LS (t) is the power losses at high-voltage AC port of PET; P VDC LS (t) and P VAC LS (t) are the power losses of PV inverters connected to DC and AC networks respectively; P LDC LS (t) and P LAC LS (t) represent the power losses of lowvoltage DC and AC load.
The operation constraints of AC/DC power distribution system include power balance, reliability of power system VOLUME 7, 2019 operation, power limits of PET and multistage converter, etc. The power limitation flowing on the distribution line can be expressed as:
where δ ij is the voltage angular difference between bus i and j; B ij is the susceptance of branch i and j; P max ij is the maximum power capacity of branch i and j.
where
and U max i are the lower and upper boundaries of bus voltage.
To solve the optimal power flow problem, the forward and backward sweep algorithm is used to assess the system voltages and losses. The net active and reactive power at different nodes for power balance constraints can be expressed by:
where P H i,PET (t) and Q are the active power and reactive power of PET injected to bus i; π (i) is the set of neighboring buses of bus i.
Operational model for the power electronic devices utilized in the mixed AC/DC power network is studied in the following sections II. A-C to investigate the feasibility of the proposed optimal dispatch for AC and DC power flows.
A. OPERTATIONAL MODEL OF PET
To achieve the control objectives introduced for the PET in the optimal dispatch of AC/DC distribution network, a proper control technique should be applied for the power electronic converters at different ports. A dual active bridge (DAB) topology with a half bridge AC/DC converter is adopted for each individual module of PET as shown in Fig. 1 and the equivalent circuit model is depicted in Fig. 2 (a). The bi-directional converter at AC port of PET that connected to MV distribution grid receives the upper-level control signals for the two control variables given by u
The voltage of DC link of the converter U dc and the reactive power output Q set (t) at the AC side are given by optimal algorithm for the controller. The active power exchange can be controlled by regulating the angle of the voltage at AC side while the reactive power output is related to voltage variation across the capacitor C f . Proportional-integrator (PI) control algorithm is adopted in the outer loop of the controller and the reference value of reactive power is provided by the optimal dispatch problem, as given by:
where 
where x H (t) is the state vector; U c (t) and i f (t) are the continuous-time version of voltage and current across the capacitor; u i and i P (t) represent the switching function and the output current at AC side; n s is the number of converter modules connected in series; C f , R f and L f are the capacitor, resistance and inductor in the circuit of converter. Each controller is implemented as a discrete device due to the use of embedded microcontrollers and the communications with distribution network operator (DNO), updating the control actions with a simulation interval T s . When the bus voltage has reached a predefined maximum during the period of excessive PV generation, the controller follows the active and reactive set-points aiming to consume more reactive power with the target of reaching their maximum reactive output −Q max at t = t D . The following condition is imposed to gradually adjust the reactive power as follows:
, t n = nT s (16) where −Q max (t n ) is the reactive output limit at each time interval associated with the loading of PET as described in the operating curve in section B.
B. OPERATING CURVES OF CONTROLLABLE POWER ELECTRONICS
The operating curve with bidirectional MV AC port of PET is confined by two limitations: 1) transferable power; and 2) equipment ratings. Transferable power of PET connected to the bus of distribution network can be written as:
where X f is the reactance of the coupling inductor as shown in the equivalent circuit of power converter at the MV AC port of PET. Therefore, transferable power limit can be plotted in the P-Q four-quadrant plane as an eccentric circle with radius R1 as depicted in Fig. 2(b) . The other limitation curve is specified with regard to equipment ratings, i.e., nominal power and capacity of PET. The varying power losses of PET are taken into account and mathematically written by:
where positive sign is used for PET supplying the load and negative sign is applied for PET injecting power to the distribution network. These two equations are depicted in Fig. 2 (b) as two semicircles that are denoted as R2 and R3. As PV inverters are engaged in the reactive power regulation the following constraints are imposed on the reactive power capacity which is varying according to the active power generation: (19) where S kr is the capacity of PV inverter; P PV k (t) and Q PV k (t) are the active and reactive power outputs; P LS k (t) is the power losses of PV inverter k. The power factor constraint for the PV inverters connected to the AC feeders is given by:
where cos θ the lower limit on the power factor.
C. POWER LOSS VARIATION OF POWER ELECRONICS
The power loss of PET converters connected to the MV distribution network can be calculated by the efficiency that is varying according to the power exchange at MV AC port. The actual efficiency curves of power electronic converters are given in Appendix based on the measured data [20] . The power losses calculated by the varying loading condition of PET affects the optimal solution of the above optimal dispatch problem. A piecewise fitting function shown in Fig. 10 is derived for the simulation, as given by:
where P H LS is the power loss; η H is the efficiency of power converter; S H rated is the rated capacity which is m percent greater than the active power demand P H LD ; is the actual power exchange at the MV AC port of PET. The parameters α H for the operating curves of power electronics are given in Appendix.
Droop control is typically implemented on PV inverters directly connected to the feeders of AC distribution network. The control technique and the power loss of PV inverter can be expressed as: 
where u LDC (t) represents the control variables including the active power P LDC (t) and reactive power Q LDC (t) of AC-DC converter; P LDC ref (t) is the reference for controller, which is the rated power of the connected LV DC load P LDC rated ; Q LDC ref (t) is the reference for reactive power control which is set to zero.
III. A TWO-STAGE HYBRID OPTIMIZATION ALGORITHM
The control variables of optimal dispatch in the AC/DC distribution network include the configuration of PET position and capacity and the active and reactive power regulation at each time interval under the fixed configuration parameters. A two-stage hybrid optimization algorithm is derived to separate the optimal configuration and operation variables to reduce the complexity of the proposed economic dispatch problem with a variety of controllable power electronic devices in the multi-voltage AC-DC power conversion process.
A. WORKFLOW OF THE PROPOSED TWO-STAGE OPTIMIZATION
A two-stage hybrid algorithm is proposed for multi-objective optimization solved by incorporating NSGA-II and sequential quadratic method (SQP). The iterative process of the master problem and sub-problem is shown in Fig. 3 . The varying efficiency of power converters are taken into account for power losses computation in the objective function and therefore yields the pareto optimal solutions that also give the optimal configuration of PET.
The decision variables of the master problem of the optimal dispatch of AC/DC distribution network include the configuration parameters of PET. The MV/LV transformer to be updated by PET and its optimal capacity are given by:
where L T is location of PET; S T is the capacity; V T is set to 1 if PVs at bus with PET are connected to the MV DC port of PET. The limits on the capacity settings of PET are expressed as:
where S T (i) is the capacity of transformer at bus i; S n T is the total capacity of the transformers to be replaced by PET; S min T and S max T are the limits on each transformer capacity. The crossover and mutation operators generate feasible solutions considering the above constraints. The operational variables of PET and controllable inverters are solved in the sub-problem considering the optimal power flow of distributed power system. The reproduction process of NSGA-II incorporates the crowding distance operator during the tournament selection in order to provide greater diversity to the population. The population density around a solution is calculated by (30) to select the more dispersed solutions in a specific frontier. The configuration parameters given by the master problem are taken as the boundaries for the subproblem to solve optimal power flow of the AC and DC networks with PET and PV inverters as control variables within a given feasible region. The multiple objective functions in the sub-problem is expressed as:
where x c is the control variable of sub-problem; ϕ(x) is the stare variable of optimization; m is the number of objective function; g is iteration index of NSGA-II. The efficiency of PET and converters used to evaluate fitness functions in NSGA-II can be calculated by:
where f η is the fitting function of efficiency curves for different types of power converters as given in A1; α(v) are the parameters of fitting function for converter type v. The PET capacity limit determines the maximum and minimum active and reactive power transfer over the MV AC port of PET.
where σ Min and σ Max are the coefficients for lower and upper boundaries of power transfer over the PET at bus i associated with the capacity defined in the upper-layer configuration problem. The constraint imposed on the AC port of PET connected to the AC distribution network is given by:
where P ACL i,PET (t) is the output of LV AC port; P DCH i,PET (t) and P DCL i,PET (t) are the outputs of MV and LV DC ports respectively; P LS i,PET (t) is the power losses of PET at time interval t. The power exchange between PET bus and the bus connected by tie line is calculated by:
where P H i,PET (t) and P ACL i,Ld (t) are the AC load and PV generation connected to bus i of the AC system; P ACL j,Ld and P DC j,Ld (t) are the AC and DC loads connected to the adjacent bus j.
Other commonly used constraints on PV and DC load converters, such as upper and lower power limits of converters for battery charger and PET ports, can be referred to previous literature on active power and reactive power regulation of power electronic devices [18] [19] [20] .
IV. SIMULATION RESULTS
The formulation and the solution methodology described in the last two sections have been applied to a mixed AC/DC distribution network with updated PET installed at the selected buses. An example of AC/DC hybrid system is shown in Fig. 4 , in which distributed PV generation and PETs, as well as AC/DC loads connected to PET ports, are added to the IEEE 33-bus MV distribution network [23] . All simulation studies have been carried out in MATLAB environment using NSGA-II along with the interior-pointbased optimization package to solve the proposed optimal dispatch of AC/DC network for economic evaluation. 
A. CASE STUDY
To implement the proposed optimal dispatch of AC/DC power network, the utility requires: 1) the network admittance matrix, 2) available power of PV during a typical day; 3) operating efficiency of power converters in PET, PV and DC load; 4) parameters set for the NSGA-II based optimization algorithm. The parameters for the admittance matrix and nominal load of AC network are adopted from IEEE 33-bus test system. The daily profile of available PV powers is obtained from the daily PV generation experienced in Anhui province, China during the month of May. The residential load profile is computed using the typical pattern of workday load in downtown and is multiplied by the nominal load of the test AC network, as shown in Fig. 5(a) . The voltage at the secondary of the substation is set at 1.05 p.u. to ensure an acceptable minimum voltage magnitude at the remote bus when the distributed PVs do not generate power. The minimum and maximum bus voltage limits considered are 0.9 and 1.05 p.u. respectively. Table 1 summarizes the parameters of optimization algorithm and the power network configuration, including the assumed capacities and installation nodes of PVs, power converter ratings and the settings of genetic algorithm. The operating efficiency curve of the power electronic converter used for multistage voltage conversion in the AC/DC distribution network is shown in Fig. 10 in Appendix. To show the effectiveness of the AC/DC distribution network on reducing the cost by accommodating more PV generation, the capacities of PV installation are assumed to be excessive for the simulated power network and should be curtailed when PV generation reaches the peak of the day. Three control strategies are included: 1) joint optimization of PET and PV inverters in the mixed AC/DC distribution network (MIX); 2) active and reactive power regulation of PV inverters in the AC power network, i.e. optimal inverter dispatch (OID); 3) active power control (APC) of PV inverters where only the active power is controlled to curtail the PV generation so that the constraints of power network are enforced. To demonstrate the increased flexibility offered by the PET based AC/DC power network, Pareto solutions of MIX and OID are depicted in Fig. 5(b) , from which it is evident that the two objective functions can be minimized by applying proposed optimization. In both control strategies, when the operating cost is minimized to a large extent, the power losses grow drastically, demonstrating that PV generation that leads to lower cost cannot be increased indiscriminately without considering power losses.
Consider then implementing the proposed optimal dispatch in the PET based AC/DC distribution network, and suppose two schemes are selected for each individual control strategy are selected according to different requirements on the power losses of the network. The two cases of high and low power losses are marked as Scheme I (SI) and Scheme II (SII) respectively as shown in Fig. 5(b) . From this figure, it is observed that when power loss is minimized, the operating cost gets higher. In fact, when the power loss is minimized to a large extent, the PV generation is curtailed and thus eliminating the low-price renewable power in the daily cost computation. The results obtained by PET-based control strategy (MIX) are better than those obtained by the joint optimization of active and reactive power in the AC distribution network in terms of lower operating cost and lower power losses, which indicating the superiority of the mixed AC/DC power network over AC distribution system. The optimization results for the two schemes in the control strategy of MIX and OID are summarized in Table 2 , showing that, besides the cost savings, the loss reduction and PV consumption can be seen as important advantages by implementing AC/DC power control at multiple ports of PET.
B. RESULTS ANALYSIS
AC and DC power transfer among different ports of PET and the power output of the grid-connected photovoltaic converter directly affect the power flow distribution of AC and DC network, which determines the economy and reliability of power system operation. For the high PV penetration scenario in the simulated power network, the power fed back to distribution grid is positive during the period of 9:00-15:00 when the PV power is high as shown in Fig. 6(a) . To compare the PV consumption in different schemes, Fig. 6 illustrates the PV power consumed at each PV bus with control strategy 1 and 2 applied for Scheme I [ Fig. 7(a) ] and Scheme II [ Fig. 7(b) ]. For SI, it is clearly seen that all PV nodes have more renewable power consumption than the same control strategies in SII; in fact they all curtail active power at soon and inject reactive power during the entire intervals. The maximum voltage at each bus during the simulated time period for the two control strategies in SI and SII is depicted in Fig. 7 . Four remarks are in order: 1) all the voltage rise are lower than the upper limit set in the optimization algorithm; 2) Scheme I of low operating cost absorbs more PV generation and yields higher voltage above the nominal value; 3) Scheme II of low power losses curtails more PV generation and yields lower voltage deviation during the period of excessive solar power; 4) For both schemes, although the power losses for the two control strategies are the same, the flexible control on the AC/DC ports of PET facilitates the accommodation of PV generation and thus lowering the operating cost while ensuring the bus voltage limits.
With the power profiles of available PV and load shown in Fig. 5(a) , the peak net active power injection occurs approximately at solar noon. The line losses of the power network at noon (12:00-13:00) are depicted in Fig. 8(a) for SI which has higher power losses. This represents the situation where the utility attempts to consume more PV generation to minimize the operating cost while maintain the reliability of power system in terms of voltage deviation and line loading. The most heavily loading lines are selected for further analysis on power losses during the entire day. According to the statistics of ten most heavily loading lines as shown in Fig. 8(b) , the line loading in MIX is basically the same with the OID, although the PV consumption and economy are improved by MIX. As can be seen from Fig. 8 , power losses minimization is effected in different control strategies with the lowest line losses for SII-MIX. However, these strategies yield different voltage profiles of the network, as well as the operating cost. These two quantities are compared in Fig. 9 . The variations of objective functions (with respect to each other) at noon are shown in Fig. 9(a) . The optimal set points in SI and SII for the three control strategies are marked in the figure. Standard power flow computations yield the bus voltage of the network as illustrated in Fig. 9(b) . Note that the voltage magnitude towards the PV node is constrained by the upper limit 1.05 p.u. thus corroborating the ability of the reliability constrained optimization in effecting voltage FIGURE 9. Voltage analysis of pareto-optimal solution at noon: (a) pareto-optimal solution of all control strategies at noon and (b) voltage profile of the network for different control scenarios. VOLUME 7, 2019 regulation. As there is a lower price associated with PV generation, SI-MIX is the one that yields the lowest cost and higher voltage caused by larger PV power consumption at noon, thus demonstrating the merits of the proposed optimal dispatch based on AC/DC power network. On the other hand, SII-MIX yields a good tradeoff between operating cost and voltage profile flatness as depicted in Fig. 9(b) . The bus voltages in the case of original load and APC control strategy are also presented for comparison purposes.
V. CONCLUSION
This paper presented a techno-economic evaluation of mixed AC and DC power distribution network with high penetration of PV generation. Simulation results are generated for Pareto solutions of three different types of control strategies applied to PET and PV inverters in the multi-objective optimal dispatch for both AC and DC power flows. This work was based on (1) a technical analysis of PET operation as the control unit of AC and DC power transfer in the distribution network, (2) a detailed energy loss computation according to the varying efficiency of converters for PET, PV generation and DC loads, and (3) an optimal dispatch model for mixed AC/DC distribution network solved by improved NSGA-II for the economic evaluation compared to conventional AC distribution grid. Simulation results show that mixed AC/DC power distribution performed better in terms of operating cost and reliability. A larger capacity of PV can be accommodated without battery storage installation.
Although this work clearly shows that mixed AC/DC distribution can make sense economically in the distribution grid with high penetration of PVs, it does not address whether replacing traditional transformer with PET is cost-effective. The current market for PET and mixed AC/DC system are at the nascent stage, therefore installation costs for PET and other power converters are not considered in this economic operation analysis. However, as the market for DC distribution in MV and LV power system continues to edge towards maturity, such costs are expected to become comparable to those of AC systems, while other potential benefits of mixed AC/DC distribution could translate to additional cost savings. The flexible controllability of AC and DC power transfer, ease of communications and controls, and increased reliability by applying proper optimal control on the power system may actually be more important motivation factors for adoption of mixed AC/DC distribution network than just energy savings. Therefore, more research related to quantifying the economic benefits to update the existing AC system to mixed AC/DC distribution should be carried out in the future with new inputs for available AC-DC conversion products in system configuration and implementation.
APPENDIX
For the AC/DC power distribution system with distributed photovoltaic and PET, the operating efficiency curve of each converter is plotted according to the measured data of mainstream equipments on the market [20] .
where the efficiency of type v converter is calculated by equation (A1), as shown in equation (22)- (23) in section 2.1. The fitting function is given by equation (A2), as shown in Fig. 10 . The parameters of the fitting functions for six different types of converters adopted in the AC and DC power networks are given as follows: CHRIS MARNAY received the A.B. degree in development studies, the M.S. degree in agricultural and resource economics, and the Ph.D. degree in energy and resources from the University of California at Berkeley, Berkeley.
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